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THERMAL STATE-OF-CHARGE IN SOLAR HEAT RECEIVERS

Carsie A. Hall, IlI*, Emmanuel K. Glakge and Joseph N. Cannbn
College of Engineering, Architecture and Computer Sciences
Howard University, Washington, D.C. 20059
and
Thomas W. Kerslak®e
NASA Lewis Research Center, Cleveland, Ohio 44135

A theoretical framework is developed to determine the so-céflednal state-of-charge (SOQ) solar heat
receivers employing encapsulated phase change materials (PCMs) that undergo cyclic melting and freezing. The
present problem is relevant to space solar dynamic power systems that would typically operate in low-Earth-orbit
(LEO). The solar heat receiver is integrated into a closed-cycle Brayton engine that produces electric power during
sunlight and eclipse periods of the orbit cycle. The concepts of available power and virtual source temperature, both
on a finite-time basis, are used as the basis for determinirgQke Analytic expressions for the available power
crossing the aperture plane of the receiver, available power stored in the receiver, and available power delivered to
the working fluid are derived, all of which are related toSCthroughmeasurable parameterkower and upper
bounds on th&OCare proposed in order to delineate absolute limiting cases for a range of input parameters (orbital,
geometric, etc.). SOC characterization is also performed in the subcooled, two-phase, and superheat regimes.
Finally, a previously-developed physical and numerical model of the solar heat receiver component of NASA Lewis
Research Center's Ground Test Demonstration (GTD) system is used in order to preg@Cihe a function of
measurable parameters

Nomenclature Ste = Stefan number
A = area or growth constant t =time
c = specific heat of solid or liquid PCM T = temperature
Co = specific heat of working fluid Tm = PCM melting temperature
Deay = active cavity diameter T, = environmental dead state temperature
Dap = aperture diameter T, Ti = sunset, sunrise temperature
F = geometric view factor T = virtual source temperature
h = enthalpy per unit mass u,U = specific, total internal energy
hes = PCM latent heat of fusion \ = total volume
H = Heaviside function -
. W = rate of work transfer
m = working fluid mass flow rate z = axial location
M = total number of axial nodes along tube B1 = first conjugateSOCfunction
or total PCM mass B, = second conjugat®OCfunction
N = total _number of tubes in receiver Xi = jth tube mass fraction
p = working fluid pressure £ = thermal capacitance ratio
Q = heat transfer rate ® = primarySOCfunction
_ Y = ratio of specific heats
R = gas constant _ .
s,S = specific, total entropy P = density
_ o = Stefan-Boltzmann constant
Sgen = entropy generation rate TonToff = SUN period, eclipse period
Teye = total orbit period
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= average
in, out =tube inlet, tube outlet
losses = losses through shell and aperture

min,max= minimum, maximum
revr = receiver
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Fig. 1 Thermodynamic cycle for closed Brayton engine integrated with solar heat receiver.

Introduction change material (PCM) in the liquid phase was

LAR heat receivers are very critical components inidentified by Strumpf et dl.as an indicator of th8OC
he production of electric power via solar dynamicThiS definition, however, is a better indicator of PCM

power systems (SDPSs). During operation, the SDPSffectiveness or some performance measure (e.g.
uses: 1) a concentrator to collect and focus the incidef@fficiency) of the receiver as it relates to incorporating
energy onto the aperture plane of a central receiver, 2)Rpase change storage. It may also be tempting to define
central receiver to collect and distribute, with minimalthe SOCas the instantaneous amount of energy stored in
losses, the reflected energy from the concentrator, 3he receiver. According to NASA“Techniques are
working fluid tubes aligned along the periphery of theneeded to determine the so-called receiver state of
receiver to absorb the distributed energy as heat, thugharge, or the quantity of stored thermal energy within
raising the temperature of the working fluid (typically athe receiver However, this idea can be quickly
low-Prandtl-number fluid) flowing through the tubes, 4) dismissed on second law grounds since energy quality
a turbine to expand the high temperature working fluigcan be considered a factor in determining the $0€
to produce mechanical work via a rotating shaft, 5) dt should be pointed out that the issue of energy quality
compressor to circulate the working fluid through thedoes not adhere to conservation principles. In other
working fluid tubes, and 6) an alternator to convertwords, the statemergonservation of entropyas no
mechanical shaft motion into electric power. A meaning since all real devices that undergo energy
recuperator is often added to increase the therm&Xchange processes are involved in the one-way
efficiency of the thermodynamic cycle (typically a Production of entropy. In what follows, it will be
closed Brayton cycle as depicted in Fig. 1). shown that the available power stored in the receiver is

Solar heat receivers employing encapsulated phad@lated to a newly-defined, time-dependeBOC
change materials (PCMs) have the advantage ovdenction, which may be completely characterized by
sensible heat receivers of requiring less mass whilE1€asurable parameterskKnowledge of the&sOCallows
producing higher energy storage densities. This, ifor better control strategies relating to power
turn, makes them ideal candidates for energy storage fanagement schemes during such operations as peak
the space environment where temperatures ardower demand and emergency shutdowns with
sufficiently high and PCMs with high latent heats of Subsequent restarts. It also helps to better identify the
fusion become indispensable. energy startup characteristics of the solar heat receiver

In this paper, a theoretical framework on the so-called relation to the entire solar dynamic (SD) system,
thermal state-of-charge (SOQ@) solar heat receivers Which ensures safe operation of the SD system through
employing latent heat thermal energy storage (LHTESH!I modes and regimes of operation.
is developed. The instantaneous amount of phase

NASA/TM—1998-207920 2
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Fig. 2 Solar heat receiver available power and SOC model indicating control volume.

Theoretical Framework

the aperture planeQ), ... is the rate at which energy

Solar Heat Receiver Available Power leaves the receiver due to reradiation from the canister
By definition, the available power of any device is thesurfaces back out through the aperture and conduction
maximum rate at which energy may be extracted by #sses through the receiver shell, and U is the total
work transfer interaction if the device is allowed tointernal energy of the receiver. An associated entropy
come into total (thermal, mechanical, chemical)balance results in
equilibrium with its surroundings at some dead state.
Shown in Fig. 2 is the model (including control volume) : :
used to derive an expression for the available power ~= %n% %mg +$_QLS€S
stored in the receiver. A'law energy balance on the T
entire receiver with a single fluid stream results in the
following: where S is the total entropy of the receiver, s is the
entropy per unit mass of the working fluid, T* is a
: - - : : JuU virtual source or effective aperture temperature (defined
w %ml’% % '% T oesses gt @ in the next section), (lis the environmental dead state

+ Sgen (2)

where W is the rate of work transfer across thet€mperature, an®gen is the rate of entropy generation

boundary of the control volume (this is what could beinside the receiver. Subsequently eliminating the power
theoretically extracted if the receiver was connected to ¥ss term between Egs. 1 and 2 gives

work-extracting mechanism)m is the working fluid A El. T, H
mass flow rate, h is the enthalpy per unit mass of thelV = %“' h -T, S H} %ﬂ h -T, 5 Qrcvr p—
ut o T0O
0

working fluid, Q.  is the rate at which energy crosses -T Sgen__(U —TOS) A3)

rcvr

NASA/TM—1998-207920 3



in which the maximum is = m,- such thatm = Zm. and ZX =1 (12)

m.
T =
= On(h-T, Eﬁh T, H-Lof
g‘“ Sa S ut Q o T 0O
o]

Eqg. 11 can be expressed in non-dimensional form as

a(U -T,S) (4) |
SZ%L ot
T

since Sgen =0 for a receiver operating reversibly.

Now, it is assumed that the specific enthalpy in Eq. 4 is Qo —B— - U -T,9) (13)
a function of temperature and pressure, i.e. me,T,0 T U meT, ot
h =h(T,p) (Sh which g, is the working fluid specific heat at constant

pressure,y is the ratio of specific heatsyc,), Poy is
and the specific entropy is a function of specificoytiet pressure, and,Rs inlet pressure. Furthermore,
enthalpy and pressure, i.e. the internal energy U and entropy S are given,
6r)espectively, by

s = s(h,p)
N 4
which for changes in specific enthalpy and specific U= Z II( ) dVv. g (14)
entropy results in =1EL
oh oh @) and N 4
dh—a— dT + % dp
Tl ool s=Y > [ff(ed, ay (15)
= EL Y
0s 0s
= 8
ds= ah pdh hdp ® in which the integration takes place over the ith region

and jth tube. Upon further defining the dimensionless

. . arameters
Through the use of Maxwell's relations, ideal gasp

assumptions for the working fluid, and the definition of
specific heat at constant pressure, it can be shown th% Qe u . S
revr

Egs. 7 and 8 when integrated from inlet conditions to - T, hyM U= T, 'S = h,, ’
outlet conditions yield ?hsfM =M
Tm Tcyc m Tm
Nowt =Py = €5 (Tou = Tin) B L e R AL (T
Teye T, T, T,

- E' Ep
Sout ~ S =€, IN _If’”‘ % Rin F;Ut E 10)  \where Teye = Ton T T o, the following dimensionless
in in

receiver available power results:
For a solar heat receiver with N tubes (see Fig. 2), the

available power is written as Winax _  Be N ot -10 HR. %
- =-0O Xj out_Tin)j_In T* + n P
me,T, = in y n OER
. N .
Wmax:—Sij cpénm ~T,), - T, In%’—“‘% +T, %E %E ] .
= m + MC l %TCVI’B_
O

+Qrcer-_LZB_2(U -T S) (11) ! Cprcyc
o T O ot

o

where ste=cT, /h, IS the Stefan number, which is the

where upon defining the jth tube mass fraction as ratio of PCM sensible heat to latent heat, and the ratio

NASA/TM—1998-207920 4



BIS the thermal capacitance ratio expressingf the canisters to the aperture. Therefore, an energy
balance on the aperture plane of the receiver shown in

the relative amounts of sensible heat capacity of th€&ig. 2 results in

PCM to sensible heat capacity of the working fluid. In

addition, the dimensionless available power equation %! 4

can be interpreted physically as follows: the first JZAFJ aPJ[T ®-T (t)] AepFap- OJ[T O-T, ] (20)

bracketed term is the available power loss from the

receiver to the gas; the second term is the availab

power gain by the receiver due to the net hea

Mc/ @ﬁrcycc

I\‘/?/here upon solving for the virtual source temperature

* gives
interaction across the aperture plane; the last term is the
available power loss or gain due to unsteady charging 1
and discharging. Furthermore, an interesting ‘y M+
comparison can be made between the fraction of HAapFap— 0T, Z AF; UT (t)H
incident power available at the aperture plane, T"(t) = e (21)
expressed in Eq. 17 as -
P 9 E AFapo0 + Z AF _,0 U
J:
zp=1—T—‘;=1— 1* (18)
T which in dimensionless form is written as
and that which is reported in MoyniHane. 1
0 M+ A- - |j
AT 10T O ¥ ey B T
we1- e et =1 L ) IO AAR | e
3T* 30r*Q 3T** T3gren E M A F.
] D 1+ Z ~ l-ap D
A more detailed graphic comparison is shown in Fig. 3. Ao Fapo E

It should be pointed out that over the anticipated region
of operation (0.k T/T* < 0.3) the agreement is good. In Eqg. 22, the jth area ratio {A,y) can be written as

_ D A7 _ E ﬁAz E (23)
IK 10° Aap n DZ
D 4 ap

First Order Method
,,,,,,,,, Higher Order Method of Moynihan  *

09F
F —-———-——-— Ratio of the Two Methods

08F i Notice that Eq. 23 contains one of the cavity aspect
o7 . 10 ratios (Qa/Day), Which is a key parameter that affects
the thermal performance of the solar heat receiver.
Also, the geometric view factors in Eqgs. 20-22 are given
by analytic expressions found in Howell.

0.6
05F

F 10*
04F

03f

Ratio of the Two Methods

Gas Available Power

Recall the expression given by Eq. 11, which is the
instantaneous available power stored in the receiver. It
should be pointed out here that the first term in brackets
in Eq. 11 represents the instantaneous available power

Fig. 3 Comparison of the fraction of incident powerOf the gas.befgre mixing in the outlet manifold. This
available at the aperture as a function of the ratio oPOWer, which is the difference between the enthalpy

dead state temperature and virtual source temperature.tranSferred to gas and a term-proportlonal to the entropy
transferred to the gas, is rewritten here as

02k oot T S 10°

\ Locus of Equality

Fo) SN PR EUREN FWUTE FUNEY PR FRRTE FRNE PR S
0 01 02 03 04 05 06 07 08 09 1

Dead State to Virtual Source Temperature Ratio

01f

Fraction of Incident Power Available at the Aperture

Virtual Source Temperature

The effective temperature of the aperture due to they,,. = m, ¢ @m . TJH%% +T0%1En%EB(24)
net heat interaction across the aperture plane is defined = T y B

as the virtual source temperature. It expresses
continuity of energy reradiated from the outer surfacesvhich is expressed in dimensionless form as

NASA/TM—1998-207920 5



mc,T, o Tin

1 P.
ZX ﬁout T %%J'%E t% ) which can be further written in the following non-

dimensional form:

WLE‘S = 2)(] _F”' % In 0”'% +%‘ Put%g Wlost =T, Sgen = meTo iXJ |HEI%E (29)
1= ]
(25

Physically, the reduction in available power associated

with the transport of entropy to the gas can be attributed Wlosl _ InBMH (30)

to two sources: 1) heat transfer to the gas across finite JZ, H

temperature differences and 2) frictional effects leading plo

to reductions in pressure along the lengths of each of

the tubes in the receiver. The concept of entropy i#\s expected, when each tube in the receiver is imparted
associated with the amount of unavailable energy withinwith the same incident flux, the temperature of each gas
a system. Therefore, the available power of the gastream exiting all the tubes is the same, resulting in no
expressed by Eq. 25, is that which is delivered to théoss in available power. This is revealed in Eqg. 30.
outlet manifold before any mixing takes place. Any

further reduction in available power takes place in theRelation BetweenSOCand Available Power

outlet manifold due to irreversible mixing of each of the A dimensionless conjugateSOC function B; is
individual fluid streams. Finally, it is observed that all defined here as the ratio of instantaneous available
of the parameters in Eq. 25 can either be readilyower stored in the receiver with no available power
calculated or directly measured. lost to the working fluid to minimum gas available

power required to operate the turbine, or
Mixing-Based Lost Available Power
It is known that the lost available power associated .
with the gas is proportional to the entropy generation . : %; i i( S‘)S 31)
rate, where the proportionality constant is the dead stat% _ Wana ﬁrm e Toax -

temperaturé® Expressed mathematically, Y W T % 1) - 10 mp, 08
sz Tnin ~ Tin j_In * +%En u
J=1 E Tin y Pin E

Wlost = 1; Sgen (26)
A second dimensionless conjug&®C function 3, is
For a solar heat receiver with N tubes and N associategefined as the ratio of instantaneous gas available
fluid streams, the entropy generation rate due tgpower to minimum gas available power required to
irreversible fluid stream mixing in the outlet manifold is operate the turbine, i.e.

given by
o[ Y ~10 FPu A
Sgen = rhSN+1 - iijSj (27) B, = _ Waas _ IZIX %—M ) lnEL% %/TE A EE (32
! R

which, due partly to Eqg. 10, can be subsequently written

in terms of temperatures as . o
P where the outlet manifold mixing losses have been

N neglected in both conjugate functions for convenience.
Sgen = meZXj |nETN7+1E (28)  Upon further defining the denominator of Egs. 31 and
¢ T 32 as
where T is the fluid outlet temperature of the jth tube -10 P, OF (33)
just before entering the outlet manifold and N+1 Bun= ZX Qm.n T %% +%*En ""”ED
corresponds to mixed mean properties in the outlet " v P LB

manifold just before entering the turbine.  The
corresponding loss in available power of the gas ishe conjugateSOCfunctions and3., can be related to
expressed as the dimensionless receiver available power (Eq. 17) as

NASA/TM—1998-207920 6



— Wmax
Bmin(Bl_BZ) - r’thTo

(34)

Now, define the primarySOC function as the
dimensionless combination

oo Bl

(35)
Bmax 1

such thatd is always in the rang@< ® <1. Notice

thatBin is B2 evaluated at J;;= Tin @nd By = Prin @and

Bmax is the maximum value that the first conjug&®@C

function 3, can take on, which can be shown to be

mode (BOM) wherein measured quantities are
repeatable (within allowable limits) from one sunrise to
the next and from one sunset to the next. In order to
describe the aforementioned minima in BOM, the gas
inlet temperature profile must be specified. Owing to
the cyclic nature of the solar source, thermodynamic
parameters in the system responding to the cyclic solar
source will also experience cyclic changes throughout
the orbit cycles. It is interesting to note that the only
coupling that the receiver has with the rest of the
thermodynamic cycle is through the gas mass flow rate
and gas inlet temperature, which is intricately coupled
to the gas mass flow rate and components of the heat
rejection loop (recuperator, gas coolers, radiators, heat-
rejection coolant, etc.). Knowledge of these two
measurable parameteralong with the pressure drop
through the tubes are all that is required to calculate the

(36) 9as available power (Eq. 24).

%%%mw i
.Bmax ; N or : " a
Wi 3 Xingm 1) -in Tm E +%V1En Pm EE

which is just the steady-state equivalent of Eq. 31. _ t

Therefore, the maximun$OC is achieved when the T, (1) = (Tp - T')T_ +T,, Ost<sT,,
thermodynamic state of the receiver is driven to steady- on

state conditions even though the system is designed to _ _( _ ) t ( _ ) Ton
operate under cyclic conditions. - Tp T Tq + Tp T T, + Tp
(o) (o)

inlet temperature test profiles are proposed:

Sawtooth:

: . T _<t<T1_+T7
Results and Discussion on on off

The intrinsic coupling between the size (and design)
of the solar heat receiver and the turbine for which it igvhich can be written in dimensionless form as
intended to supply high temperature, high pressure gas
makes it prudent to understand the minimum necessary
thermodynamic requirements for operating the turbine.
Masor! describes a process callemtoringin which a
DC electric power source is initially used to drive the
turbo-alternator compressor (TAC) while the turbine is
pre-heated and, ultimately, becomes self-sustaining.
Masor! identified the cycle temperature ratio (turbine
inlet/compressor inlet temperature) as the leading_ _
indicator for the time when the TAC becomes self-
sustaining. It was determined that minimum motoring
time is achieved as the cycle temperature ratio
approaches a value of three (3) asymptotically. This
information can subsequently be used to determine the 1+ Lo
minimum thermodynamic state-point (temperature and Ton
pressure) and associated minimum gas available power
needed to operate the turbine. Of course, this minimum
gas available power is that which is delivered from thewhere T" = —, t =——
receiver to the gas. T Ton T Tt

One important mode of operation of the solartemperature, and,Ts the sunrise temperature; dnd T
dynamic (SD) system is the so-called balanced orbiare repeatable from one cycle to the next in BOM.

off %t* _II_
T U

on

T (=1 - )

*

, Tpis the sunset

NASA/TM—1998-207920 7
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Positive-Sine:

. t
T, (t):(Tp - Tl)sm%? +T, Ost<2r
Available Power Minima Under Sawtooth Test Profile

To (T, ¥T,4)=2/3

. . . . . 2.2 25
which, in non-dimensional form, is expressed as g 1
2k —~—— D=3 :
5 F 1,, 2
* * * * - * * * ; — 24 E
T, (1) =(T, =7 )sin(mt ) + T, 0st’ <1 2 1o 1 2
p o . o
o 16F — T* .=4.5 ] g—
g | 1,. 98
. = F —H23
Exponential Growth / Power Law Decay (m < 0): R S
% 1.2 :_ —_— T =4 e "
0 1, 0O o I 15, ©
AQ-—"p ? 1F 122 2
- — 0 Ton~tO 2 F e
T.(O=(T-T)e" “ '+ 7, 0stsT, s = 1
2 "ok 1 @
(T —T,) £ osf 1 é
=— ‘P J [tm—Tm]+T'TonStSTon+Tof‘f o T -3 1 A&
m m on p oaE _— o |
Ton - Ton + Toff K I . 1 2
0 0.25 0.5 0.75 1

Dimensionless Cycle Time
which is written in non-dimensional form as

Fig. 4 Gas available power minima curves under

O O
Aéf 1 5 balanced orbit conditions with a cyclic sawtooth inlet
: l_@xﬂgfé temperature profile.
T () =(T -1 )ed Tl ey,
in ( ) | p -I: OSt* < :;
]_.,_Lff
Ton
] 1 *
0 O 0" T st =1 Available Power Minima Under Positive-Sine Test Profile
..\ 0O O oo off 0+ T,)=112
_ (TP_T‘) B*m_D 1 00 1+-[ 22 2.5
_D " d r,00 on - b
N o 0§ fm+—n0o 2F - 1
olog_,B Y TlE s | - 1 o
O 1,40 2 18 = 24 =2
[+ O o o ] ©
o 1,0 o F 1 g
o 16 1 IS
e} -
2 - T =45 n - "’_’
For this test case, the system is allowed to reach a £ ™[ - 1 &
steady-state mode before decaying into an eclipse. The g 12F o 1 &
growth constant A is found by matching the initial rate % 15_ e 122 ©
of temperature rise from a previous balanced orbit % : 1 §
mode. For the other two test profiles above, the growth 2 %8F Th=35 {, 2
. <] o 121
constant is calculated to be E osf = =
o ’ [a]
04H - =3 \
1. Sawtooth: A=1 R ! L 2
0 0.25 0.5 0.75 1
Dimensionless Cycle Time
2 Positive-Sine: AzE Fig. 5 Gas available power minima curves under
2 balanced orbit conditions with a cyclic positive-sine

inlet temperature profile.
Figs. 4-6 illustrate the cyclic variation of minimum gas
available power in response to the cyclic inlet
temperature profiles outlined above.

NASA/TM—1998-207920 8



which can be regarded as an integral constraint on the

Available Power Minima Under Exponential Growth / Power Law Decay functions

22 Growth Constant A= 1 Power Law Exponent m = -2 25

Tt )=2/3 1~ %

2F > (%), TST*(t), and Brin(t)
5 o T* =5 0a g rcvr min
S 18 - N =
o o =
o - Q - - -
2 161 s qéf Now consider the maximu®OCgiven by
s f =4 ]
T 14fF - 23 g
ﬁ = = b=1
o 12 %)
O] o T =4 8
? 1F —- 122 o .
e 3 which corresponds tB,=Bma. Therefore, along curves

F =4 . .

2 o8 =35 1.8 of (#,81)=(1Bmay, the following expression holds:
.§ 06k - 1% £

045 - ] o e H_ T H

.4 T* =3 | —

74 I TR R N ! =
0 555 oS 575 12 Bmameln SteQrcvr [ T *

Dimensionless Cycle Time

_ _ o or equivalently
Fig. 6 Gas available power minima curves under

balanced orbit conditions with a cyclic exponential t E T
growth / power law decay inlet temperature profile. max e@;? =Q B_ _OH
ﬁmin g min rcvr |:| T * |:|

Extrema of Solar Heat ReceiveiSOC where physically meaningful results are obtained when
First consider the minimui@OCgiven by

®=0 B g
min
which corresponds tB;=1. Therefore, along curves of
(d,81)=(0,1), the following expression holds: Graphical representations of the maximB@C are
shown in Figs. 7-9.

T, 00 (g

e
() = —
ﬁmm ( ) Ste(grcvr

_ =
Loci for Maximum SOC (¢ = 1)
which is integrated to 40 ‘
| P = Qreu(L - TofT*)
U @) -u*©]-[s* ) -S*(0)]= *
"Og . T, O
o
‘[E'ﬁ_teQrcvr T* (t*.)D_Bmm( )%j

wheree is the thermal capacitance ratio

Mc
£=-
mr,,C,
In addition, if the system has reached a balanced orbit, Brin
then the integral of the unsteady term vanishes since
U*(1) = U*(0) and S*(1) = S*(0), which results in Fig. 7 Loci for maximumSOC as a function of
minimum gas available power for selected values of

T, receiver available power at the aperture, and a fixed

a * * * = |:| —_ . . .
[5r P (U *—s*)t !WQrcvra T ) [r Buint* )it =0 combination of thermal capacity parameters.
0 O 0
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Loci for Maximum SOC ( ® =1)

18 W= Qg *(1-T/T¥)
Ste/e =10

Bmin

Fig. 8 Loci for maximumSOC as a function of

(NCY-2)th cycle (NCY-1)thcycle  NCYth cycle

Fig. 10 Qualitative illustration of temporal variation of
incident power crossing the aperture plane.

minimum gas available power for selected values oR€call that thes€OCmaxima curves correspond to an
receiver available power at the aperture, and a fixed bRD System operating in steady-state mode (SSM). For

higher combination of thermal capacity parameters.

Loci for Maximum SOC ( ® = 1)
40

W= Q1 -T/T =20

Bmax/Bmin

Ste/e

Fig. 9 Loci for maximumSOC as a function of a

example, this mode can be induced by boosting the
spacecraft into higher orbital altitudes, which extends
the sun period and reduces the eclipse period. As might
be expected, the extended sun period drives the SD
system in general and the solar heat receiver in
particular to a state of thermodynamic equilibrium
wherin the various temperature (and othe¥asurable
parameter} transients are damped out. Fig. 10 shows
in a qualitative sense the temporal variation of incident
power entering the receiver. The discontinuity shown at
the beginning of each eclipse is not a real effect since
the actual transition from the sun phase into the eclipse
phase is a rapid continuous decay, rather than a sharp
discontinuous drop. However, it is a computationally
convenient way to model the transition from sun phase
to eclipse phase. Furthermore, it can be shown that the
profile shown in Fig. 10 can be generated by a function
given by

Qu(t) = ZQ @4 E - Z T % H % - EZT 1, %

combination of thermal capacity parameters for selecteg{,hereTo = 0, NCY is the total number of orbit cycles
values of the minimum gas available power, and a fixedyng H is the Heaviside function. In addition, notice that

value for receiver available power at the aperture.

NASA/TM—1998-207920
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cycle to cycle. These variations may be due to the need Conclusions

for increased power level, decreased power level, The theoretical framework for the determination of
increased sun period, or extended eclipse period. Ifhe thermal state-of-charge (SOC)n solar heat
addition, the incident power across the aperture may beeceivers employing encapsulated phase change storage
in general, time-dependent due to time-varyinghas been developed. The concepts of available power,
shadowing effects on the concentrator or other shoRirtual source temperature, and minimum gas available
transients such as concentrator mis-pointing due t@ower have been used in the underlying theoretical
plume loads from reaction control jets and/or gravity-analyses. In addition, qualitative and quantitative
gradient effects. descriptions of minimum and maxim@®OChave been

As pointed out in Hall, Il et dl.and Masotf, the  presented parametrically. Similar parametric curves can
anticipated amount of incident power crossing thepe generated for non-extrem8®C

aperture plane is approximately 12.5 kW, and for the

orbital altitude corresponding to 250 nmi, the total orbit References
period is 93 minutes with about 66 minutes of sun 1
exposure and 27 minutes of eclipse. In NASA's
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